Toxoplasma gondii tachyzoites co-opt host cell functions through introduction of a large set 27 of rhoptry-and dense granule-derived effector proteins. These effectors reach the host cytosol 28 through different means: direct injection for rhoptry effectors and translocation across the 29 parasitophorous vacuolar membrane (PVM) for dense granule (GRA) effectors. The machinery that 30 translocates these GRA effectors has recently been partially elucidated, revealing 3 components, 31 MYR1, MYR2 and MYR3. To determine if other proteins might be involved, we returned to a library 32 of mutants defective in GRA translocation and selected one with a partial defect, suggesting it might 33 be in a gene encoding a new component of the machinery. Surprisingly, whole-genome sequencing 34 revealed a missense mutation in a gene encoding a known rhoptry protein, a serine/threonine 35 protein kinase known as ROP17. ROP17 resides on the host-cytosol side of the PVM in infected cells 36 and has previously been known for its activity in phosphorylating and, thereby, inactivating host 37 immunity-related GTPases. Here, we show that null or catalytically dead mutants of ROP17 are 38 defective in GRA translocation across the PVM, but that translocation can be rescued "in trans" by 39 ROP17 delivered by other tachyzoites infecting the same host cell. This strongly argues that 40 ROP17's role in regulating GRA translocation is carried out on the host-cytosolic side of the PVM, 41 not within the parasites or lumen of the parasitophorous vacuole. This represents an entirely new 42 way in which the different secretory compartments of Toxoplasma tachyzoites collaborate to 43 modulate the host-parasite interaction. 44 45 4 Importance 46
Introduction9 mutation, consistent with a defect in ROP17 being the defect that produced the Myr -phenotype 151 (Fig. 1C, lower panel) . 152
The finding that ROP17 is mutated in both MFM1.15 and MFM2.1.b strongly suggested that a 153 functional ROP17 protein might be necessary for the c-Myc upregulation. To test this, we generated 154 a knock-out of ROP17 in an otherwise wild-type Toxoplasma by disrupting the open reading frame 155 of ROP17 (TGGT1_258580) with insertion of the HXGPRT gene ( Fig. 2A) , confirming this disruption 156 by PCR of the locus (Fig. 2B) , and assessing the translocation of known effectors in HFF cells 157 infected with the resulting mutant. Preliminary results indicated that disruption of ROP17 does 158 indeed prevent the parasite from exporting GRA16HA and GRA24MYC from the parasitophorous 159 vacuole into the host nucleus when these constructs were transiently expressed in RHrop17 160 tachyzoites ( Fig 2C) . 161
To confirm the importance of ROP17, we generated a complemented Δrop17 mutant in 162 which a triple HA-tagged version of ROP17 is expressed off an introduced transgene (Fig. 3A) . 163 Within the parasite, ROP17HA colocalized with ROP2/3/4 at the apical end of the parasite ( These results thereby confirm that ROP17 is indeed necessary for host c-Myc upregulation by 171
Toxoplasma tachyzoites, and in combination with the defect of translocation of GRA16 and GRA24 172 this strongly suggests that ROP17 is a previously unknown player in the process whereby GRA 173 proteins cross the PVM. 174
Even though ROP17 is a well-studied serine/threonine protein kinase, it is possible that its 175 role in protein translocation at the PVM is as a scaffolding protein rather than as an active kinase. 176
To test this, we made three different versions of ROP17, each with a mutation to alanine in one of 177 three residues known to be essential for catalysis [44] [45] [46] , i.e., K312A, D436A and D454A (Fig. 4A) . 178
These mutated versions were introduced into the Δrop17 mutant where they showed the expected 179 colocalization with ROP2/3/4 in puncta at the apical end ( Figure 4B ). To determine if the mutant 180
ROP17s reached the PVM after invasion, we applied previously established conditions for partially 181 permeabilizing infected host cells such that antibodies can reach only the PVM, not the parasites 182 within [47] . This showed that, indeed, in cells where the control antibody (anti-SAG1) fails to detect 183 the parasites within the PVM, anti-ROP17 efficiently stains the PVM showing that the mutant 184
ROP17s do successfully enter the host cell and traffic to this location (Fig. 4C) . 185
We next sought to determine if the ectopic expression of the wild type ROP17 gene and/or 186 the mutant versions could complement the phenotypes we have observed in the ROP17-disrupted 187 strains. When we assessed protein translocation of GRA24MYC, we observed translocation into the 188 nucleus of ~89% of cells infected with GRA24MYC-expressing wild type parasites whereas cells 189 infected with GRA24MYC-expressing RHΔrop17 parasites showed no such translocation (Fig. 5A) . 190
The loss of GRA24 translocation was successfully rescued when the RHΔrop17 parasites were 191 complemented with a fully functional ROP17 but not with any of the point mutant versions of 192 ROP17 (Fig. 5A ). When we assessed c-Myc upregulation, a host phenotype associated with the 193 translocation of MYR1-dependent effectors, we observed a similar result; c-Myc was upregulated in 194 >90% of the nuclei of host cells infected with wild type RH and RHΔrop17::ROP17HA parasites, but 195 in <20% of the nuclei of host cells infected with RHΔrop17 or any of the three versions 196 complemented with a mutation altering the trio of catalytic residues (Fig 5B, C) . These resultsstrongly suggest that ROP17's kinase activity is necessary for its role in GRA translocation across 198 the PVM.
Given that ROP17 ends up at the PVM in infected cells and given that this is where the known 200 GRA translocation machinery (e.g., MYR1/2/3) is located, it seemed most likely that this is where 201 ROP17 functions to assist in the translocation of GRA proteins. To test this directly, we took 202 advantage of the fact that when a tachyzoite infects a cell, the ROP proteins that are injected can 203 associate either with the PVM of that parasite or with the PVM surrounding other parasites that are 204 also present within that cell [48] . Thus, we created a reporter parasite line that lacked ROP17 205 expression but was stably expressing GRA24MYC; translocation of GRA24MYC in this strain should 206 be blocked at the PV unless ROP17 can be provided in trans. We then infected cultures with these 207 RHΔrop17::GRA24MYC parasites, followed an hour later with RHΔmyr1 parasites expressing 208 mCherry to distinguish them from the nonfluorescent RHΔrop17::GRA24MYC line ("Condition 1", 209 Fig. 6A ). In case the order of infection was important, we also did this experiment where we 210 inverted the order that the two strains were added to the monolayers; i.e., we initiated the 211 infections with the RHΔmyr1 mCherry line, followed an hour later by infection with the 212 nonfluorescent RHΔrop17::GRA24MYC ("Condition 2," Figure 6A) . In both cases, we assessed 213 GRA24MYC translocation in infected cells after a further 17 hours, scoring cells that were infected 214 with either of the mutants alone or those co-infected with both. The prediction was that if ROP17's 215 role in GRA translocation is on the host-cytosolic side of the PVM, then the Δmyr1 line would 216 provide a functional ROP17 that could act in trans on the translocation machinery expressed by the 217 Δrop17 parasites, whereas cells infected with either strain alone would not exhibit translocation. As 218 shown in Figure 6B , this was indeed the result obtained; cells infected with either mutant alone 219 showed no GRA24MYC in the host nucleus, whereas ~20-22% of co-infected cells did show 220 translocation, regardless of the order that the two strains were added to the cultures. These results 221 strongly argue that the action of ROP17 can be provided in trans and is needed within the host 222 cytosol, not within the parasites or within the PV space since proteins are not known to be able to 223 traffic across the PVM from host to PV or parasite (except to the lysosome for digestion [49] ). 224
The data presented so far show that ROP17 is necessary for the translocation of at least two 225 GRA proteins from the PV to the host nucleus. To determine if this is true of essentially all dense 226 granule effectors that end up in the host cell, we performed RNASeq analysis on HFFs infected with 227 RH wild type vs. RHΔrop17 parasites at 6 hours post infection. As a control for a strain that has 228 previously been shown by RNASeq analysis to be defective in the translocation of seemingly all 229 soluble GRA effectors [41], we used a Δmyr1 strain. The results showed substantial concordance 230 between the genes modulated in a MYR1-dependent manner and a ROP17-dependent manner. This 231 conclusion can be illustrated by Principal Component Analysis (PCA) of the host genes sets 232 generated during infection with these strains. In Figure 7A Supplemental Table S1 . The samples infected with 235 RHΔmyr1 and RHΔrop17 cluster together closely and well apart from both mock-infected cells and 236
RH-infected cells. 237
To further explore this similarity, genes that exhibit a 2.5-fold difference during infection 238 with these mutants compared to infection with the wild type were grouped by Gene Set Enrichment 239 Analysis (GSEA). First, genes that were increased in cells infected with the wild type parasite (RH) 240 compared to the two mutants were analyzed by GSEA. Figure 7B shows a list of gene sets in which 241 the FDR q-value of either the RH vs. RHΔmyr1 or the RH vs. RHΔrop17 was less than 10 -5 . For each 242 of these gene sets, both the FDR q-value of the RH vs. RHΔmyr1 (green) and RH vs. RHΔrop17 243 (purple) is shown. Genes that were expressed 2.5-fold lower in cells infected with the wild type 244 compared to either of the mutants were also analyzed by GSEA and gene sets in which either the 245 FDR q-value of RH vs. RHΔmyr1 (green) or RH vs. RHΔrop17 was less than 10 -5 were plotted in 246 Figure 7C . In both cases, almost all the gene sets that are strongly affected by the lack of MYR1 were 247 similarly affected by the lack of ROP17, although the magnitude of the effect varied somewhat. Using a genetic screen, we have identified the rhoptry-derived serine-threonine protein 259 kinase, ROP17, as required for action of most if not all GRA effectors that translocate across the 260 PVM. Using a cellular "trans" complementation assay, we have further shown that the role of ROP17 261 is within the host cytosol, not within the parasite or PV space, and that ROP17 must be catalytically 262 active to accomplish this role. Given its location at the PVM [13, 21] , where other necessary 263 elements of the translocation machinery are present, these results strongly argue that ROP17 acts 264 on one or other components of this machinery on the host cytosol side. Although we cannot 265 formally exclude the possibility that ROP17 assists GRA effectors in their trafficking across the host 266 cytosol, from the PVM to the host nucleus, the fact that the GRA effectors that reach the host nucleus 267 possess a conventional nuclear-localization signal (NLS) argues against this possibility as thereGRA16 and GRA24 in uninfected cells shows results in efficient trafficking to the host nucleus, 270 confirming that no parasite proteins are necessary for this last stage of their journey [36, 37] . 271
Given that ROP17 is a protein kinase, it seems most likely that its role in translocating GRA 272 effectors is through phosphorylation of one or more key components of the translocation 273 machinery. Phosphoproteomic analyses on cells infected with Toxoplasma tachyzoites revealed that 274 many parasite proteins are phosphorylated at serine and threonine residues after their secretion 275 from the parasite [50] . Among such proteins are the PVM-localized MYR1 and MYR3 that are known 276 to be required for GRA translocation [42, 43] . The protein kinases that mediate these 277 phosphorylations have not yet been identified but protein phosphorylation is a well-established 278 way to regulate protein function and so such modifications might be required for PVM-localized 279 proteins like these to become activated for their respective roles. Efforts to determine the full 280 machinery involved in GRA translocation across the PVM are underway and once the full 281 complement of proteins is known, mapping of all their phosphosites and determination of which 282 such sites are dependent on which protein kinase (e.g., ROP17 or, perhaps, ROP18, another serine-283 threonine kinase present at the PVM) and which of these sites must be phosphorylated for 284 functional translocation will be an important follow-up to the work proposed here. 285 Both ROP17 and ROP18 are involved in the inactivation of immunity-related GTPases 286 [15, 16, 21] . Our finding that ROP17 has at least two biological roles is similar to what has been 287 reported for ROP18; this related ROP2-family member is involved in IRG inactivation and 288 proteasomal degradation of ATF6beta, a host transcription factor that localizes to the host 289 endoplasmic reticulum (which itself is adjacent to and maybe even contiguous with the PVM [51]) 290 and that is crucial to the host immune response [52] . Interestingly, it is the N-terminal region of 291 ROP18, which lies outside the conserved kinase domain, that binds to ATF6beta but an active 292 kinase domain is required for the inactivation, suggesting that ATF6beta is a substrate for 293 phosphorylation by ROP18 [52] . Our results add a further possible explanation for the previously 294 reported attenuation of ROP17 mutants in a mouse model of virulence using a Type I strain [26] ; 295 i.e., the decrease in virulence could be due to some combination of a weakened defense against IRGs 296 and the defect in GRA effector translocation reported here. A major role for the latter would be 297 consistent with the previously reported attenuation in Type I myr1 strains in a similar mouse 298 model [42] . 299
The involvement of a rhoptry protein in the function of GRA proteins is a second example of 300 "inter-organellar" collaboration, the first being the binding of micronemal AMA1 to rhoptry neck 301 protein, RON2, during the invasion of tachyzoites into the host cell [53, 54] . This second example 302 wherein a rhoptry bulb protein, ROP17, somehow assists in the translocation of GRA proteins 303 makes clear that these different secretory organelles are part of a complicated but concerted 304 machinery used by the parasites to interact with the host cell they are infecting. 305
Finally, it is worth noting that the chemical mutagenesis used to generate the mutant library 306 that yielded these ROP17 mutants provided more information than just the fact that this protein 307 plays an important role. By specifically looking for hypomorph mutants that showed only a partial 308 defect we were able to identify a missense M350K mutation in ROP17 providing structure/function 309 information, namely that this residue is important for this function of ROP17. This site is within a 310 predicted loop region that is just N-terminal of beta-sheet 4 and well away from the active site 311 [13, 44, 45] . Interestingly, this is part of a region that is highly variable between different members 312 of the ROP2 family but is in a stretch of about 9 residues that is not present in other protein kinases 313
[45]. This may be related to the unusual, multiple functions of these secreted kinases, perhaps in 314 enabling them to target specific substrates at this crucial interface of host and parasite. 315
Toxoplasma gondii RHΔhpt [55] was used for this study. Toxoplasma tachyzoites were 319 maintained by serial passage in human foreskin fibroblasts (HFFs) cultured in complete Dulbecco's 320
Modified Eagle Medium (cDMEM) supplemented with 10% heat-inactivated fetal bovine serum 321 (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin and grown at 37 °C in 322 5% CO2. Infections included in this study were performed by scraping infected monolayers and 323 lysing the host cells open using a 27-gauge needle. The released parasites were pelleted at 1500 324 rpm for 10 min, resuspended, counted using a hemocytometer, and added to confluent HFFs at the 325 multiplicity of infection (MOI) stated. 326
Genome sequencing 327
For whole genome sequencing on the parental RH strain (SRR2068658), MFM1. RT. Formaldehyde-fixed samples were rinsed once with PBS, permeabilized with 0.2% Triton-X 100 357 (TTX-100) for 20 min, and then blocked as described above. GRA16HA (and other HA-tagged 358 proteins) was detected using rat anti-HA antibodies (Roche) while GRA24MYC was detected using 359 rabbit anti-MYC tag antibody 9E10 (Santa Cruz Biotechnology). This anti-MYC tag antibody does not 360 detect host c-Myc. Host c-Myc was detected using monoclonal antibody Y69, which does not cross 361 react with the MYC tag expressed by GRA24MYC. Primary antibodies were detected with goat 362 polyclonal Alexa Fluor-conjugated secondary antibodies (Invitrogen). Vectashield with DAPI stain 363 (Vector Laboratories) was used to mount the coverslips on slides. Fluorescence was detected usingImages were analyzed using ImageJ. All images shown for any given condition/staining in any given 366 comparison/dataset were obtained using identical parameters.
Quantitation of nuclear GRA24MYC 368
To assess the amount of GRA24MYC that translocated to the nucleus following transient 369 transfection, phase contrast, DAPI and anti-MYC tag images were taken of 10-20 fields of view 370 containing tachyzoites-infected HFF at 20 hours PI. Phase contrast was used to define the infected 371 cells of these images, then ImageJ was used to define the nucleus on the DAPI-stained 372 corresponding images, and these nuclear boundaries were then quantified for the intensity of 373 GRA24MYC intensity on the corresponding MYC-tag stained images.
was transfected into the RHΔhpt strain of Toxoplasma with pTKO2 (HXGPRT+) plasmid. The 390 parasites were allowed to infect HFFs in 24-well plates for 24 hrs, after which the media was 391 changed to complete DMEM supplemented with 50 µg/ml mycophenolic acid (MPA) and 50 µg/ml 392 xanthine (XAN) for HXGPRT selection. The parasites were passed twice before being single cloned 393 into 96-well plates by limiting dilution. Disruption of the gene coding regions was confirmed by PCR 394 and sequencing of the locus. 395
Ectopic gene integration 396
The RHΔrop17 strain was complemented ectopically with the pGRA-ROP17-3xHA plasmid, 397 which expresses ROP17 off its natural promoter. To construct the pGRA-ROP17-3xHA plasmid, 398 pGRA1plus-HPT-3xHA plasmid [43] was first digested using EcoRV-HF and NcoI (New England 399 for purity analysis using the Agilent 2100 Bioanalyzer. Multiplex sequencing libraries were 460 generated with RNA Sample Prep Kit (Illumina) according to manufacturer's instructions and 461 pooled for a single high-throughput sequencing run using the Illumina NextSeq platform (Illumina 462 mutant MFM1.15. All three parasite strains express cytosolic td-tomato (red) and were transfected 508 with a plasmid expressing HA-tagged GRA16 which was detected by probing with anti-HA (green). 
